A number of analytical methods for studying circulating tumor cells (CTCs) have been developed because of the expectation that they will simultaneously facilitate more effective, less invasive cancer treatments and elucidate the process of cancer metastasis. 1−3 These methods come with three major technological challenges. 4 First, CTCs are usually scarce in peripheral blood samples (<100 per billions of blood cells), so all CTC-related technologies need to have an accurate and high-throughput enumeration. So far, the majority of the clinical applications of CTCs are still focused on enumerating these cells from patient blood and correlating their counts with the clinical progress. Enumeration and correlation of CTCs with disease progress has been verified by many studies involving breast, 5 lung, 6 colorectal, 7 and prostate 8 cancers. The second technological challenge comes from the heterogeneity of cancer cells, whose physical and biological attributes can vary significantly within CTC populations and over time. Most of the current methods are positive selections based on one biological parameter, such as the expression of the widely used surface antigen, the epithelial cell adhesion molecule (EpCAM), 9 or a physical property, such as the size or density of the cells. 10 An ideal CTC-technology should be flexible in using different markers to enrich the tumor cells from blood samples so different subpopulations of CTCs are not lost during the analysis.
The final challenge lies in the need for downstream analyses of the isolated CTCs, providing cellular and molecular information at the single-cell level, which may be more important than simple enumeration. These analyses have been successfully performed by researchers investigating various cancer biomarkers, including the human epidermal growth factor receptor 2 (HER-2) in breast cancer, 11 epidermal growth factor receptor (EGFR) in lung cancer, 12 and TMPRSS2-ERG in prostate cancer. 13 Enrichment ratio and purity of the captured CTCs are crucial to the downstream analyses, because they will determine the throughput and accuracy of these measurements. Imaging quality of the isolated CTCs is also important if downstream analyses are performed on the same device that captures CTCs, because many bioassays may be performed on the basis of detailed labeling and imaging studies of individual CTCs.
Many CTC-analysis systems utilize microfluidic components to overcome these challenges as well as increase their sensitivity and improve their throughput.
14 Various microfluidic systems have been fabricated, including the line-confocal flow-detection platform, 15 the flow-counting method based on micro-Hall effects, 16 and the conductometric detection system. 17 Other types of microfluidic CTC systems include those that select and isolate target cells based on (i) binding to a cell surface marker, analogous to affinity chromatography type of methods, 18−20 (ii) size via microfiltration, 21 (iii) size, density, or permittivity via field flow fractionation, 10 (iv) morphology via high-speed photography, 22 and (v) density based on the use of Dean flow. 23 Of course, there are many CTC-analysis systems that do not involve microfluidics and instead rely on methods such as fiber-optic-array scanning 24 and immunomagnetic separation. 25, 26 In fact, the only FDA-approved CTC analysis system, CellSearch, does not have microfluidic components, but rather selects and manipulates target cells via magnetic nanoparticles. 25 We recently reported a CTC analysis method called ensemble-decision aliquot ranking, or eDAR, 27 which combined the following components: multicolor line-confocal fluorescence detection with a high sensitivity, a hydrodynamic switching mechanism, a cell trapping and subsequent purification process, and an identification and downstream analysis section. It had a high throughput, analyzing 1 mL of whole blood in 20 min, with a 93% recovery ratio and a zero false positive rate. CTCs were captured onto a very small area (1 mm   2 ) with a high enrichment ratio. 27 Although eDAR was more sensitive than the CellSearch method in detecting CTCs from metastatic breast cancer patients, 27 the original version of eDAR still has several factors that may limit its clinical application. The original microchip had six layers, which constrained the yield and efficiency of the chip production. Although the throughput of fluorescence imaging was greatly improved because of the very small area on which CTCs were trapped, the imaging quality could be adversely affected by the track-etched filter, generating a nonuniform background.
This Article describes the second generation of eDAR platform, which included an integrated filtration area fabricated by standard lithography methods. This microchip had only two layers of feature on the silicon master and could be fabricated with one-step replica molding into polydimethylsiloxane (PDMS) and then bonding to a glass substrate. The entire system was also simplified with a new active sorting scheme. We carefully evaluated several different designs of the microfluidic chip and hydrodynamic switching mechanisms, and optimized the analytical performance of the device. The recovery efficiency was 95% with a zero false positive rate (n = 15), and the highest throughput tested was 4.8 mL of whole blood per hour. We successfully applied this method to wholeblood samples taken from metastatic pancreatic cancer patients.
■ MATERIALS AND METHODS
Microfluidic Chips. The microfluidic chip had two functional areas integrated in the same design, the eDAR sorting area and the filtration unit based on slit structures. The main channel in the sorting unit, which introduced the blood into the sorting junction, had a height of 50 μm and width of 150 μm; all of the other four channels were 50-μm tall and 200-μm wide. The slit-filters were 5-μm tall and 5-μm width. The maximum number of microslits we tested was 20 000.
The silicon master was fabricated using two photolithography processes (Supporting Information Figure 1S ). The features were designed using AutoCAD (Autodesk, San Rafael, CA) and written on a chrome mask (TRICR Corp., SF, CA). Positive resist lithography and deep reactive ion etching (DRIE) were chosen for forming the first layer, the microfilter feature. AZ 1512 was used as a positive photoresist, which was provided by Micromanufacturing Facility (MMF) at the University of Washington. DRIE process was optimized to achieve a depth in the range of 4.5−5 μm. The second layer of the eDAR feature was fabricated using the SU-8-3050 as a negative photoresist (MicroChem, Newton, MA), and the height of the feature was controlled to be 50 μm. After the master was silanized using tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (Sigma-Aldrich, St. Louis, MO), uncured PDMS was poured onto the silicon wafer and baked for 2 h at 70°C. The piece of PDMS with the desired microfeature was peeled off the silicon master, and then bonded with a piece of cover glass using the standard process of plasma oxidation.
Biological and Clinical Samples. Three breast cancer cell lines, SKBr-3, MCF-7, and MDA-MB-231 cells (American Type Culture Collection (ATCC), Manassas, VA), were used to characterize and optimize the eDAR system. SKBr-3 cells were cultured in McCoy's 5, MCF-7 was cultured in Eagle's Minimum Essential Medium (EMEM), and MDA-MB-231 was cultured in Dulbecco's Modified Eagle's Medium (DMEM) (ATCC, Manassas, VA). All cell culture media also contained 2 mM L-glutamine, 10% fetal bovine serum (FBS) (ATCC, Manassas, VA), and 50 μg/mL penicillin/streptomycin (ATCC, Manassas, VA). Incubations were done at 37°C with 5% CO 2 in a humidified environment. The MDA-MB-231-GFP cell line was provided by Prof. Gail Sonenshein at Tuffs University and cultured in the DMEM medium with 10% FBS and 1 μg/mL puromycin (Life Technologies, Carlsbad, CA). Control blood from healthy donors was purchased from Plasma International Lab (Everett, WA); the first tube of the blood draw was discarded to prevent any possible contamination from skin cells. Whole-blood samples were drawn from patients with metastatic pancreatic cancer based on a protocol approved by Fred Hutchinson Cancer Research Center's institutional review board. Patient samples were collected at the Seattle Cancer Care Alliance (SCCA) using Vacutainer tubes (BD, Franklin Lakes, NJ) containing EDTA as an anticoagulant, stored at 4°C
, and analyzed within 4 h. Sample Preparation and eDAR Analysis. Isoton (Beckman Coulter Inc., Chino, CA) was used as the buffer for all of the experiments unless otherwise specified. For a typical eDAR experiment, 1 mL of whole-blood samples was labeled with anti-EpCAM conjugated with phycoerythrin (PE) (Lot No. 515776, Abnova, Walnut, CA) for 30 min at room temperature in the dark. All of the labeling parameters have been optimized on the basis of our previous work. 27 The labeled samples were diluted to 14 mL and then centrifuged to remove the free antibodies. The final volume was adjusted to be the same as the initial volume. The prepared sample was next injected to the microfluidic chip using a syringe pump. Traces from fibercoupled avalanche photodiodes (APDs) (Excelitas Technologies, Waltham, MA) were collected by a PCI data acquisition card (PCI 6602, National Instruments, Austin, TX). The sorting process of eDAR was automatically controlled using a home-written LabVIEW (National Instruments, Austin, TX) script and a field-programmable-gate-array (FPGA) device built in house. The sorting threshold was set at a signal-to-noise ratio that was 7 times the standard deviation of the noise level in each channel to rank the aliquots. The hydrodynamic switching, which collected the sorted aliquots, was controlled by a solenoid (INKA1226212H) purchased from the Lee Co. (Westbrook, CT).
After all of the positive aliquots were collected onto the filtration area, isoton was used to quickly wash the filtration area in less than 1 min. After this, three microchannels were closed by turning off the in-line valves on the tubing connected with them, so the microchip only had one inlet, the buffer channel on the left, and one outlet, the waste collection channel Analytical Chemistry after the filtration area. As a result, any further fixation, peameabilization, and staining reagents would only flow through that area. If any cytoplasmic markers were used for the secondary labeling, 4% of paraformaldehyde (PFA) was loaded into the filtration area to fix the cells. Surfynol 465 (Air product, Allentown, PA) was used to permeabilize the fixed cells. Anti-EpCAM-PE and anti-Cytokeratin-APC (Lot No. MAB5131, Abnova, Walnut, CA) and anti-CD45-fluorescein isothiocyanate (FITC) (Lot No. B116314, BioLegend San Diego, CA) were typically used as the antibodies for the secondary labeling. Hoechst (Life Technologies, Carlsbad, CA) was also used as the nuclear stain to verify the labeled target was actually nucleated cells. Detailed procedures and experimental parameters were provided in our previous work. 28 
■ RESULTS AND DISCUSSION
In a typical eDAR experiment, whole-blood samples were labeled with antibodies conjugated with fluorophores. The operation of eDAR has been described in detail previously, 27 but briefly, blood sample was injected into the chip and divided into aliquots. A line-confocal detection scheme was then applied to rank the aliquots as "positive" or "negative", which was determined by the labeling scheme. For example, in many applications, we labeled blood with anti-EpCAM-PE so only an aliquot that had a fluorescent signal from the particular dye conjugated to that antibody was ranked as a positive event. An automatic feedback scheme was applied to generate a switch of the direction of blood flow, which permitted the positive aliquot to be collected quickly. Because of the very low concentration of CTCs, more than 99.999% of the aliquots were discarded because of the absence of the desired fluorescence signal. Those aliquots that gave the positive fluorescence signal were transferred to another area on the microfluidic chip to be further purified and then counted. A series of downstream analyses can be performed on the trapped cells, such as a secondary immunostaining step, a more complicated staining/bleaching process, 28 or the manipulation and culture at the single-cell level.
There are two key factors that determined the feature and performance of an eDAR platform: an efficient and active sorting scheme and a subsequent efficient purification scheme. Here, we designed the second generation of eDAR-platform to optimize these two components.
Redesigned Hydrodynamic Sorting Scheme. In the first generation of eDAR, we designed a mechanical valve to control the active sorting step, which was fast (about 2 ms response time) and robust as compared to other reported switching mechanisms, such as the electroosmotic flow 29 or the sol−gel transformation. 30 Although promising, some design factors of this mechanical valve scheme may constrain the potential application of eDAR. To form the mechanical valve on the chip, three individual structural layers were required: the solenoid, its PDMS thread, and the microchannels on a 150-μm PDMS film. This would make the chip preparation complicated and timeconsuming. Another shortcoming is the direct contact between the captured blood aliquots and the mechanical valve, which might increase the risk of the loss or damage of CTCs. In this work, we replaced the solenoid with an off-chip model, which is normally closed but can be opened in 2−3 ms when a 5 V DC voltage is applied. Because this in-line solenoid was not a part of the microchip, the preparation of the microfluidic device was significantly simplified. The solenoids could be easily connected with any microchannels, so we could test many possible hydrodynamic sorting schemes. We designed and tested eight different schemes (Supporting Information Figure 2S ) to drive the fluidic switch. Because of the structure of this type of solenoid and the elastic nature of PDMS, the fluidic performance varied a lot (Supporting Information Table 1S) , and we had to characterize each scheme to choose the one that offered the best performance.
After characterization and optimization, the structure of the platform and the corresponding scheme of the hydrodynamic sorting were chosen for the reported second generation of eDAR (Figure 1) . The labeled blood sample was injected into the top channel of the chip using a syringe pump (Figure 1a) . Two side channels, where buffer flowed through, were used to control the active sorting step. There were two ports placed on the right-side channel, and both of them were connected to a pressurized buffer source. The normally closed solenoid was connected to the port near the sorting junction to control the hydrodynamic switch. There were two channels after the sorting junction. The one on the left was used to collect positive aliquots and deliver them to the filtration and collection area for further purification; the one on the right was the waste collection channel where all of the negative aliquots flowed through.
When those aliquots were ranked as "negative" (Figure 1b) , there was no voltage applied on the solenoid so it was closed. An initial pressure drop was set between the no. 1 and no. 3 buffer sources in Figure 1a , so the blood could only flow into the channel that collected the waste, which is also shown in the bright field image in Figure 1b . When a positive event was detected by the first detection window, a 5 V DC voltage was immediately applied on the solenoid to open the buffer flow from the no. 2 buffer reservoir. This decreased the flow resistance of the buffer channel on the right side and generated a higher flow rate there. The blood flow was pushed from the (Figure 1c ). After this aliquot was collected and confirmed by the second detection window, the solenoid was closed to switch the blood flow back to the waste collection channel (Figure 1d ). The time required for the switch-over and back was determined to be 2− 3 ms for each (Supporting Information Figure 3S ). This process was stable enough for eDAR even after more than 10 5 on−off cycles that we tested. The in-line solenoid was placed on the buffer line so blood could not come into contact with the solenoid, which eliminated the possibility of the bloodcoagulation and cross-contamination. Moreover, in this scheme, there was a constant flow of buffer in the CTC collection channel during the eDAR process. This improved the efficiency of the subsequent purification step and prevented the formation of aggregates of cells.
Design and Optimization of the Further Purification Mechanism. In the first generation of eDAR, we used a piece of track-etched polycarbonate filter to retain and purify the captured CTCs. However, it required two additional layers in the microchip, as well as a complicated procedure to bond the filter to the PDMS. Here, we developed a new scheme of onchip filtration-based microslit structures, which were made of PDMS and did not require additional layers. Figure 2a shows the basic structure of these microslits, which captured the CTCs without retaining any red blood cells (RBCs). The size of the slit was optimized to be 5-μm tall and 5-μm wide (Figure 2b) , which is smaller than the ones used in most of the CTC methods based on filtration. With this size of microslits, we minimized the risk of losing small CTCs, while still allowing many WBCs to deform and pass through the filter. The purity of trapped CTCs was similar to the first generation of eDAR. Because the microfilter was made of PDMS and bonded with a piece of coverslip, the imaging quality was improved significantly (Figure 2c and 2d) as compared to the polycarbonate filter, which is not fully transparent and may generate the scattering and aberration. Moreover, because the cells could only be trapped along the array of slits, they could be easily referenced and tracked; in many other methods, the cells are distributed randomly on the surface. This trapping along the slits made the imaging procedure faster and the results of enumeration more accurate. The slits also made it faster and more efficient to perform the secondary labeling on the trapped CTCs. Figure 2e shows that two cancer cells labeled with anti-EpCAM-PE were trapped on the microslit. We fixed, permeabilized, and labeled them using antiCytokeratin-Alexa488, anti-Her2-Alexa647, and Hoechst. Fluorescence images showed the expression of these markers on these two cells clearly, and the bright field image also confirmed their morphology. We also labeled these two cells with anti-CD45-Alexa700 as a negative control marker, and did not find any signal from the color channel that corresponded to this tag.
To optimize the performance, we prepared and tested microchips with 1000, 5000, and 20 000 microslits. These chips helped us to determine the flow resistance across the filtration area, which could affect the hydrodynamic switching and the stress on the trapped cells. The eDAR-chip with 20 000 slits required a low pressure (<4 psi) on the two side-buffer channels to balance the hydrodynamic switching process. The pressure drop across the microfilter was also lower, which would minimize the stress and deformation of the cell.
Characterization and Analytical Performance of eDAR. The efficiency of the active sorting step was monitored in real time. Figure 3a shows a small portion of the APD data from a pancreatic cancer patient sample. The signals in blue were from the first detection window that ranked the aliquots and controlled the sorting. The two peaks at 978 and 1298 ms represented two CTCs labeled with anti-EpCAM-PE that triggered the aliquot sorting. The two peaks in red show that two cancer cells flowed through the second detection window located on the collection channel, confirming that the two positive aliquots were actually sorted. It is worthwhile to point out that the background change from the second detector (Figure 3a) also confirmed that only a small portion of blood was collected by eDAR, contributing to the high enrichment ratio of CTCs (up to a million fold for a typical clinical sample).
Because the labeled CTC had to flow from the first detection window to the second one, we could observe a time difference between the decision APD peak and its confirmation signal. This time difference was defined as the transit time of the sorted CTCs, which might vary because the CTCs can have different linear flow rates due to the nature of laminar flow in the microchannel. Figure 3b shows the distribution histogram of the transit time at flow rates of 40 and 80 μL/min. Generally, a higher volumetric flow rate of the blood resulted in a shortened transit time of the sorted CTCs (Figure 3c ). When the flow rate was 90 μL/min, the average transit time was lowered to 4 ms, very close to the switching time of the sorting scheme (2−3 ms), which implies that this is the limit for the throughput for this design of eDAR.
If the transit time for a sorted CTC was shorter than the hydrodynamic switching time, the cell could not be sorted on this platform. The sorting efficiency was thus defined as the number of collected events versus the total number of events that triggered the sorting. Figure 3d shows the values of sorting efficiency at the flow rate of 30−100 μL/min. When the flow rate was 30 μL/min, the sorting efficiency was almost 100% because the average transit time at that flow rate was around 10 ms (Figure 3c ). This transit time was long enough for the active sorting step to collect the CTCs. The sorting efficiency decreased to 90% at the flow rate of 80 μL/min, and then dropped to 49% when the flow rate was 90 μL/min. Figure 3d also shows the recovery efficiency of eDAR at different flow rates, which had a similar trend as compared to the sorting efficiency. However, the recovery efficiency was defined as the number of spiked-in cells versus the number of recovered cells counted using multicolor fluorescence imaging on the eDAR chip. This performance is a combination of many factors, including the antibody-labeling efficiency, the line-confocal detection efficiency, and the sorting efficiency. This explains the difference between the recovery and sorting efficiency at the same flow rate. As a result, for this second generation of eDAR, the upper limit of the throughput was 80 μL/min (12.5 min for 1 mL of blood) with an 88% recovery ratio. Although this throughput is higher than most CTC technologies for the analysis of whole blood, it can be further improved by designing a wider blood inlet channel or moving the first detection beam farther up.
From 3 to 975 MCF-7 cells were spiked into 1 mL of healthy blood to analyze the recovery efficiency at the flow rate of 50 μL/min. To ensure the accuracy of the cell numbers at the low end, we used a capillary counting method 31 to precisely spike in cultured cells when the concentration was lower than 100 cells/ mL. The average recovery ratio was 95% with an R 2 value of 0.998 (Figure 3e ), which is a little higher than the first generation of eDAR (93%). 27 Because the concentration of CTCs is usually very low, the enumeration results were affected by the Poisson distribution. In this case, the ability to analyze a larger volume of whole-blood sample with an acceptable throughput and recovery ratio was very important. In the first generation of eDAR, the capacity was limited by the number of pores on the polycarbonate filter, which was around 1000. In this reported second-generation eDAR, we had 20 000 microslits, which resulted in significantly increased capacity. We spiked the same number of MCF-7 cells into 1, 5, and 10 mL of healthy blood, and then analyzed these three samples at the flow rate of 50 μL/min. There was no significant change in their recovery ratio (Figure 3f ), which shows that our method is capable of running a large amount of whole blood with high efficiency and throughput.
Although EpCAM was used in most of the CTC studies to select tumor cells, increasingly more studies have reported that CTCs with a low EpCAM expression have more mesenchymal characteristics and are more aggressive. 32 The latest eDAR platform is sufficiently flexible to use any labeling scheme to select rare cells so we can capture tumor cells using biomarkers other than EpCAM. We designed three schemes to select different cultured breast cancer cell lines (Figure 3g ). EpCAM was used to select MCF-7 cells, Her-2 was used to select SKBr-3 cells, and EGFR was used to select MDA-MB-231 cells. All of these three schemes isolated and trapped the targeted cells with a recovery ratio higher than 88%. Another unique and important feature of eDAR is the independence of where the marker is located. For example, other technologies, such as the surface capture methods or immunomagnetic methods, only can capture the antigens on the cell surface. Yet our method could select cells with an intracellular marker, such as GFP (Figure 2d ). The recovery ratio of the MDA-MB-231-GFP cells spiked into whole human blood was 91% (Figure 3g ). Because fluorescent proteins are widely used in animal models to study the progression and mechanisms of metastasis, 33 eDAR could be an ideal tool to select CTCs in these models without any immunostaining steps.
High-Throughput Analysis of Samples from Patients with Pancreatic Cancer. Blood samples from 15 healthy donors were used to evaluate the false positive ratio of this method; no CTCs were found in any of them. We collected 26 blood samples from the patients with pancreatic cancer. Sixteen of them were analyzed using the first generation of eDAR, and the other 10 samples were analyzed using the newer eDAR platform. Figure 4 shows the distribution of the three data sets: the control blood analyzed by the current method, pancreatic cancer samples analyzed by the first generation of eDAR, and the pancreatic cancer samples analyzed by the current method. The raw data of those clinical samples are in Supporting Information Table 2S . With our current method, we detected CTCs in 80% (8 of 10) of the samples ranging from 2 to 872 cells/mL. CTC clusters, reported by previous studies, 34 were also observed in the patient blood samples. It is interesting to point out that many of the clusters observed in our experiments had low EpCAM expression. Supporting Information Figure 4S shows a cluster of CTCs, which had a high expression of cytokeratin but a low expression of EpCAM. We also compared the clinical performance of the two generations of eDAR using the analysis of variance (ANOVA) method, which showed that the two data sets were not significantly different (p = 0.30, α = 0.05).
■ CONCLUSION eDAR has proven to be an "all-in-one" platform for analyzing rare cells in complicated biological matrixes, such as CTCs in peripheral blood. Here, we redesigned the platform by incorporating a new active sorting scheme and a microfabricated filter based on PDMS slits. The structure of the microchip was much simplified, resulting in higher yield and better quality control in chip preparation. Previously, the production cycle of a batch of microfluidic chips was almost 2 days with ∼50% yield; in the reported method, it only took us 2 h to prepare a batch of microchips with an almost 100% yield. The imaging quality to enumerate and analyze CTCs was also improved. The analytical performance was optimized so that we were able to analyze 1 mL of whole blood in 12.5 min with an average recovery ratio at 95% and a zero false positive rate (n = 15). Biomarkers other than EpCAM were also successfully applied to select different subpopulations of CTCs, including intracellular markers. We also validated this method by analyzing pancreatic cancer samples taken from patients. We believe the second generation of the eDAR platform offers greatly simplified chip preparation and is more robust and flexible in analyzing CTCs from patient blood while offering higher throughput. It has the potential to benefit the analysis of other types of rare cells as well.
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